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North America (Yale Univ. Press, New Haven, CT, 2001 Katsuyuki Aozasa, 2 Masato Koike, 3 Yasuo Uchiyama, 3 Shigekazu Nagata 1,5,6 * Apoptotic cells expose phosphatidylserine and are swiftly engulfed by macrophages. Milk fat globule epidermal growth factor (EGF) factor 8 (MFG-E8) is a protein that binds to apoptotic cells by recognizing phosphatidylserine and that enhances the engulfment of apoptotic cells by macrophages. We report that tingible body macrophages in the germinal centers of the spleen and lymph nodes strongly express MFG-E8. Many apoptotic lymphocytes were found on the MFG-E8 Ϫ/Ϫ tingible body macrophages, but they were not efficiently engulfed. The MFG-E8 Ϫ/Ϫ mice developed splenomegaly, with the formation of numerous germinal centers, and suffered from glomerulonephritis as a result of autoantibody production. These data demonstrate that MFG-E8 has a critical role in removing apoptotic B cells in the germinal centers and that its failure can lead to autoimmune diseases.
Apoptosis is a process for removing harmful or useless cells and is fundamental to the maintenance of mammalian homeostasis (1). Apoptotic cells are rapidly engulfed by phagocytes, a process that should prevent inflammation and the autoimmune response against intracellular antigens that can be released from the dying cells (2) (3) (4) . Phosphatidylserine (PS) that is exposed on the surface of apoptotic cells has been identified as a recognition signal for macrophages (5), and several receptors that bind PS have been identified (2, 3) . MFG-E8 is secreted from activated macrophages, specifically binds to apoptotic cells by recognizing PS, and enhances the engulfment of apoptotic cells by phagocytes (6 ) .
To examine the in vivo role of MFG-E8, we first examined its expression by Northern blot hybridization ( fig. S1 ). MFG-E8 was strongly expressed in mammary glands (7, 8) . Several other tissues such as the spleen, lymph nodes, and brain also expressed MFG-E8 mRNA. Immunohistochemical analysis of spleen sections (9) showed the labeling with antibody to MFG-E8 in cells localized to germinal centers that were stained by peanut agglutinin (PNA) (Fig. 1) . Spleen sections from MFG-E8 Ϫ/Ϫ mice (see below) were not stained, which confirmed the specificity of the antibody. Germinal centers contain macrophages called "tingible body" macrophages, which specifically express CD68 but do not express F4/80 (10) . Dual staining for MFG-E8 and CD68 or F4/80 showed that the cells expressing MFG-E8 expressed CD68 but did not express F4/80 [ Fig. 1, and (11) ], which suggests that the tingible body macrophages expressed MFG-E8. The CD68 ϩ tingible body macrophages are present not only in the spleen but also in the lymph nodes (10) . Staining with antibody against MFG-E8 indicated that the CD68 ϩ macrophages in the lymph nodes also expressed MFG-E8 (Fig. 1) .
We generated MFG-E8 Ϫ/Ϫ mice by gene targeting. The murine MFG-E8 gene is encoded by 10 exons within 16 kb of genomic DNA on chromosome 7. A targeting vector was constructed by replacing exons 4 to 6 with the neo-resistance gene ( fig. S2 ). The vector was introduced into mouse embryonic stem (ES) cells, and ES clones carrying the mutation were identified by polymerase chain reaction (PCR). Mice derived from two ES clones had identical phenotypes, and those from one representative clone were characterized in detail. Thioglycollate activates macrophages (12) , and we previously showed that peritoneal macrophages obtained after an intraperitoneal injection of thioglycollate secrete abundant MFG-E8 (6 ) . Accordingly, immunoprecipitation and Western blotting with antibody against MFG-E8 revealed a 74-kD protein in the culture supernatant of thioglycollate-elicited peritoneal macrophages from wild-type mice ( Fig. 2A) . This protein was not detected in the supernatant of MFG-E8 Ϫ/Ϫ macrophages, which confirmed that the MFG-E8 Ϫ/Ϫ allele is a null allele for MFG-E8. To examine the ability of thioglycollate-elicited macrophages to engulf apoptotic cells, we used as prey apoptotic thymocytes from CAD (caspaseactivated DNase)-deficient mice. CAD Ϫ/Ϫ thymocytes do not undergo DNA degradation when exposed to apoptotic stimuli (13) . However, when the CAD Ϫ/Ϫ thymocytes were induced to apoptosis and incubated with MFG-E8 ϩ/ϩ macrophages, the thymocytes became TUNEL (terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick end labeling)-positive, and the phagocytosis index (the number of engulfed apoptotic cells per macrophage) was 1.20 ( Fig. 2, B and C) , which indicated that the MFG-E8 ϩ/ϩ macrophages efficiently engulfed the apoptotic cells and digested their DNA. However, macrophages from MFG-E8 Ϫ/Ϫ mice engulfed a few apoptotic cells, and the phagocytosis index was 0.31. Addition of recombinant MFG-E8 to the cultures restored the ϩ/ϩ (WT) or MFG-E8 Ϫ/Ϫ (KO) mice were stained with antibodies against CD68 (green) and MFG-E8 (red) antibodies, and their staining profiles were merged in the third column. In the fourth column, the adjacent sections were stained with PNA (green) and antibody to MOMA-1 (red), a surface antigen expressed in marginal metallophilic macrophages (14) . Scale bar, 100 m. ability of MFG-E8 Ϫ/Ϫ macrophages to engulf apoptotic cells in a dose-dependent manner (Fig. 2C) . A similar result, showing a requirement for MFG-E8, was obtained with the apoptotic CAD ϩ/ϩ wild-type thymocytes as prey ( fig. S3, A and C) . Nevertheless, MFG-E8 was not required for engulfment of microspheres ( fig. S3 , B and C), which indicated that the phagocytic activity of the macrophages was not impaired by the deficiency of MFG-E8.
Homozygous MFG-E8 Ϫ/Ϫ and heterozygous MFG-E8 ϩ/Ϫ animals were represented according to normal Mendelian inheritance.
MFG-E8
Ϫ/Ϫ mice were fertile with normal fecundity (11) . However, MFG-E8 Ϫ/Ϫ mice developed splenomegaly in an age-dependent manner (Fig. 2D) . At the age of 40 weeks, the spleen of MFG-E8 Ϫ/Ϫ mice was about 3 times heavier than that of wild-type mice (Fig. 2E) . Histochemical analysis of the spleen indicated that the white pulps were greatly enlarged in the MFG-E8 Ϫ/Ϫ mice and carried numerous germinal centers that were stained with PNA (Fig. 2, F and G) . Metallophilic macrophages, defined by the marker MOMA-1, are located at the border of the marginal and follicular zones of the white pulp (14) . The staining of spleen sections with antibody against MOMA-1 confirmed that the follicular zones were enlarged in the spleen of MFG-E8 Ϫ/Ϫ mice (Fig. 2G ). An increased number of immunoglobulin G (IgG)-producing cells were found not only in the follicular zones but also in the marginal zones of MFG-E8 Ϫ/Ϫ mice (Fig. 2H ). There were 2 to 3 times more lymphocytes in the MFG-E8 Ϫ/Ϫ spleen than in the wild-type spleen, but the ratio of B cells to T cells in the spleen was similar between the MFG-E8 ϩ/ϩ and MFG-E8 Ϫ/Ϫ mice ( fig. S4 ). Tingible body macrophages engulf apoptotic B cells generated in the germinal center (15) . In the spleen of 40-week-old MFG-E8 ϩ/ϩ mice, few TUNEL-stained cells (0.6 cells per macrophage) were associated with macrophages expressing CD68 in the germinal center (Fig. 3A) . In MFG-E8 Ϫ/Ϫ mice, the CD68-expressing cells were larger than those of wildtype mice and were associated with many TUNEL-stained cells (3.6 cells per macrophage). The enlargement of the CD68-expressing macrophages and their enhanced association with TUNEL-stained cells in the MFG-E8 Ϫ/Ϫ spleen became apparent (10.3 versus 2.1 cells per macrophage) when B cells were activated in mice immunized with keyhole limpet hemocyanin (KLH) (Fig. 3A) . CD68 was predominantly located intracellularly within late endosomes or lysosomes (16) . Accordingly, when a macrophage carrying TUNEL-stained cells in the spleen of KLH-treated MFG-E8 Ϫ/Ϫ mice was analyzed by confocal microscopy (Fig. 3B) , CD68 was found intracellularly. The TUNEL-stained material, that is, the nuclei of apoptotic cells, was not localized with CD68, but seemed to be present extracellularly on the surface of macrophages. To confirm the extracellular localization of the apoptotic material associated with the MFG-E8 Ϫ/Ϫ macrophages, the spleen sections were analyzed by electron transmission microscopy. Tingible body macrophages in wild-type mice had condensed nuclei from apoptotic cells inside them, and some of the apoptotic materials were degraded (Fig.  3C ). In the MFG-E8 Ϫ/Ϫ spleen, apoptotic cells were also localized to the tingible body macrophages, but they had intact plasma membranes. These results indicated that these apoptotic cells were located outside the MFG-E8 Ϫ/Ϫ macrophages or that the macrophages just wrapped many apoptotic cells without engulfment, which may explain the apparent enlargement of the germinal center macrophages in MFG-E8 Ϫ/Ϫ mice. Lymphocytes prepared from the spleens of MFG-E8 Ϫ/Ϫ mice underwent apoptotic cell death as efficiently as those prepared from the wild-type mice, and PS was exposed on their surface ( fig.  S5) . From these results, we conclude that the ability of tingible body macrophages to engulf apoptotic cells appeared to be impaired by the lack of MFG-E8.
Repeated systemic injection of apoptotic cells induces autoantibody production (17) . The MFG-E8 Ϫ/Ϫ mice spontaneously produced autoantibodies in an age-dependent manner. The concentrations of antibodies to double-stranded DNA (dsDNA) or nuclear proteins (ANA, antinuclear antibody) in the serum of MFG-E8 Ϫ/Ϫ mice were not different from those of wild-type mice at the age of 10 weeks (Fig. 4A) . However, at the age of 40 weeks,
Ϫ/Ϫ mice had high concentrations of dsDNA antibody and ANA in their serum. In particular, about half of MFG-E8 Ϫ/Ϫ female mice carried more than 1000 times as much ANA in their serum as the wild-type mice. When female mice at the age of 10 weeks were immunized twice by KLH, MFG-E8 Ϫ/Ϫ mice developed ANA in 20 days, whereas no ANA was found in the serum of MFG-E8 ϩ/ϩ mice under the same conditions (Fig. 4A ). This finding indicates that the inefficient engulfment of apoptotic B cells can lead to the development of autoimmunity. A major pathogenic consequence of circulating autoantibodies is the deposition of immune complex within the kidney, leading to glomerulonephritis (18) . The examination of kidney cryosections by immunofluorescence revealed that all glomeruli in six different 40-week-old MFG-E8 Ϫ/Ϫ female mice had a massive deposition of IgG (Fig. 4B) , which was accompanied by hypercellularity of the glomeruli in 84% cases (Fig. 4C) . Accordingly, most of the MFG-E8 Ϫ/Ϫ female mice (8 out of 10 mice) at the age of 40 weeks suffered from high concentration of protein in the urine (Fig. 4D) .
The removal of apoptotic cells is usually very efficient, and few apoptotic cells can be found even in tissues with a very high rate of apoptosis (19) . Although several molecules in macrophages have been proposed as receptors for apoptotic cells or bridging molecules between apoptotic cells and macrophages (2), the physiological roles of these molecules have been elusive. In the germinal centers, B cells with a low affinity for the antigen undergo apoptosis (20) . Tingible body macrophages are responsible for the clearance of these apoptotic cells, and our results using MFG-E8 Ϫ/Ϫ mice indicate that MFG-E8 has an essential role in this process. The MFG-E8 -deficient tingible body macrophages were, however, associated with apoptotic cells, which suggests that the MFG-E8 Ϫ/Ϫ macrophages could still recognize apoptotic cells. The molecules that mediate this tethering step (21) remain to be identified. We recently found that MFG-E8 is expressed in immature dendritic cells such as Langerhans cells (22) . But it was not expressed in the thymic macrophages and was not apparently involved in the clearance of apoptotic thymocytes ( fig. S6 ), which suggests that macrophages in different tissues may use different molecules for the engulfment of apoptotic cells (23) (24) (25) . Finally, human patients with systemic lupus erythematosus often have a defect in the engulfment of apoptotic cells by the tingible body macrophages in the germinal centers (26) . The autoimmune properties observed in MFG-E8 Ϫ/Ϫ mice may provide a good model system for the study of human systemic lupus erythematosus. 
